Olive oil production has an economic importance for Mediterranean countries, ensuring employment opportunities and export earnings. The crushing units produce two types of residues, one solid (pomace) and the other liquid, called olive mill wastewater (OMW). This by-product has adverse effects on the olive oil sector and particularly on the quality of waters into which they are discharged.
INTRODUCTION
Currently, there is a lack of common international laws regulating the discharge of olive mill wastewater (OMW), resulting in an increasing environmental hazard. The hazard of OMW is mostly due to its high acidity (pH between 3 and 6), its high organic load (COD over 80-200 g/L), (BOD 5 over 12-60 g/L) and its high content of microbial growth-inhibiting compounds, such as phenolic compounds and tannins (Cebeci et al. ; Azzam ; Bampalioutas et al. ) .
The estimated annual volume of OMW generated by the Mediterranean region is approximately 30 million m 3 and this huge amount is creating a serious ecological and environmental issue resulting in severe consequences for the soil and water quality (Gudiña et al. ) .
The extraction of olive oil is achieved through traditional methods of discontinuous pressing in the traditional mills or 'mâasra', as named locally in Morocco, and produced 0.5 m 3 of OMW from 1,000 kg of processed olive, while the continuous method (two-phase and three-phase systems) releases about 1.5 m 3 per 1,000 kg of olive (Elkacmi et al. a) . A disadvantage of this last method is that it uses more water to extract the oil compared with the other techniques and consequently generates larger quantities of OMW. Water is used in some of these stages to extract most of the olive oil. Once the olives are crushed mechanically, the resulting paste is mixed and kneaded to increase the yield of recovery and help small oil droplets to coalesce and agglomerate, thus facilitating the separation of the oil and water phases. Less water is required for the discontinuous process (about 40%) compared to the continuous system, which varies from 70 to 110% (Bouknana et al. ) , therefore traditional techniques contribute to preserving water resources.
For the above-mentioned traditional press system, the extraction is carried out without significant addition of water, which affects the organic loading rate and suspended solids. Indeed, the OMW of traditional units are more loaded and more concentrated than those of modern units.
Some authors have reported that the COD of OMW from the continuous olive oil extraction process varies over the range of approximately 20-200 g/L, compared to 100-390 g/L for the press processes (Sassi et al. ) .
OMWs have a cloudy appearance, reddish-brown to black in color and this color is a function of the state of degradation of the phenolic compounds and the olives from which they derive, it has a smell reminiscent of olive oil, but when fermented it assumes a fetid smell.
As is widely known, the composition of this type of aqueous waste depends on several factors, such as climatic and soil conditions, harvesting and carriage systems, olive cultivars, degree of fruit maturation, storage time, irrigation management and processing technology (Kıpçak & Akgün ) . Table 1 summarizes the overall composition of OMW given by several authors from the top 10 olive oil producing countries according to the International Olive Council (IOC) in 2016 (IOC ).
In Morocco, as in other olive oil producing countries, in most cases OMW is still discharged into water or land without any treatment, either directly or through the public sewer system. These effluents are responsible for serious problems of pollution, creating a major nuisance and disturbance to the receiving environment. Several studies have proven the negative effects of these wastes on soil properties and plants (Buchmann et al. ) , on aquatic ecosystems (Leris et al. ) as well as in air medium (Casanovas et al. ) . For all these reasons, much attention has been paid to the fight against pollution posed by this harmful waste. In the last decade, various management methods have been applied for the prevention of pollution caused by OMW, which can be categorized into physical, biological, chemical and electrochemical.
OMW evaporation ponds (lagooning) remains one of the most popular physical techniques, especially in developing countries like Morocco due to its ease and lower cost (González-González & Cuadros ), but due to the need for large surfaces, the release of bad odors, and the very low degradation, it was replaced by more efficient and costly evaporation panels to maximize the elimination of the liquid fraction of the effluent (De Ursinos & Padilla ).
Membrane filtration is another common investigated OMW treatment method and this novel process can remove 88% of the dark color, 95% of COD and 70% of phenolic compounds (El-Abbassi et al. ). However, it must always be preceded by a pre-treatment, with a high-energy demand and permanent renewal of the membranes, hence the high cost of the process.
Biological treatment of OMW has been the subject of several studies, which have shown the possibility of treating This type of treatment remains the most global and the least expensive compared to the mass of materials eliminated, but the presence of residual aluminum and iron can cause significant problems for ecosystems and human health, such as Alzheimer's and other diseases (Xu et al. a) .
Other techniques were also investigated for the conver- (Elkacmi et al. b, a) .
In recent years, research studies in the field of water and wastewater treatment have proved that electrochemical techniques can effectively remove or reduce a wide range of soluble or colloidal pollutants such as wastewater containing heavy metals, suspensions, oil and oil-in-water emulsion.
The first document reporting the use of electricity in water treatment was published in the UK nearly 40 years ago (Strokach ) , this innovative method has been shown to be effective in water purification using anodic 
ADVANCED OXIDATION PROCESSES (AOP)
Principle of (AOP)
AOP was described in the USA in 1987 by Glaze et al. () as 'water treatment processes at ambient temperature and pressure'. These methods were based on the intermediacy of hydroxyl and other radicals and remain among the most efficient and environmentally friendly technologies that contribute to a high degree of recalcitrant organic compounds oxidation (Yang et al. ) .
With the advent of AOP, it has been known that the common principle is the 'in situ' generation of highly OMW is one of the most polluting among all industrial wastes. The number of studies proving its risk to humans, natural resources and the environment is very important, therefore, the search for solutions of this problem has become a public concern and an absolute necessity. Coloring matter, COD, polyphenols and organic compounds are the major contaminant in the OMW and have to be removed before discharging the effluent into the aquatic ecosystem.
Considering the above points, AOP has consistently proved to be the most concrete solution to remove excessive pollutants from OMW. As presented in the tables, the generation of hydroxyl radicals achieved However, when mixed with a catalyst iron (II) (Fe 2þ ) to form the Fenton reagent, the oxidation potential of (H 2 O 2 ) increases. A mixture of (Fe 2þ ) salts and (H 2 O 2 ) is added directly to the wastewater, according to the following reaction:
The hydroxyl radicals (OH • ) produced during the decomposition of hydrogen peroxide in the presence of ferrous iron are highly reactive and a non-specific oxidant, able to reduce a wide range of organic pollutants in water and wastewater. Four main stages of Fenton process have been identified: pH adjustment to a range of 2.5-3.5 to avoid precipitation and formation of iron hydroxides, thus inducing low catalytic activity, followed by oxidation reaction, neutralization/coagulation and precipitation in a solid-liquid separation tank (Gopu et al. ) .
For OMW, as for many other industrial wastewaters, this chemical process showed highly significant efficiency. The combination between O 3 and H 2 O 2 , called peroxonation process, was reported as more efficient than ozonation alone because hydrogen peroxide is intended to accelerate the decomposition of ozone in water and thus produce more hydroxyl radicals according to the reaction below:
Previous results have shown the efficacity of the studied the degradation of phenolic compounds using copper supported on zeolite and pillared clay, a removal efficiency of more than 90% was registered in 3 h at 80 C.
It is important to indicate that WHPCO is still more advantageous than CWAO because the first technique operates under mild conditions, whereas the second one requires specific conditions and materials which make it more expensive and less widely employed.
Photochemical advanced oxidation processes
The use of UV radiation has received considerable attention for the abatement of organic pollutants from water and wastewater. The combination of H 2 O 2 and UV radiation allows increasing OH • formation, which will react with H 2 O 2 by secondary reactions:
Given its ability to produce more radicals, OH • and HO 2
• were the first to be more reactive as a highly highly active oxidizing agent, and only a few studies in the literature have focused on the use of photolysis of H 2 O 2 for the treatment of OMW. Ugȗrlu & Kula () suggested using this photochemical advanced oxidation process. The first results of this study showed that 90% of color, 90% of phenol and 30% of lignin were removed after 7 days. The second part of the study also showed that the removal rate was increased to 99, 100 and 40% of color, phenol and lignin, respectively, after the treatment of OMW with lime. (5) and (6):
It is well known that many papers demonstrated that the 
Sonochemical advanced oxidation processes
A new technology developed by several researchers has been shown to be an attractive alternative in destroying a wide range of organic contaminants. The sonochemical process is a boon to water and wastewater treatment because it has the capability of reducing the polluting load by ultrasonic radiation.
This technique is based on the use of ultrasonic irradiation to activate the chemical reactions, the hydroxyl radicals are produced in water by applying sound wave frequencies of 20 kHz and 1 MHz:
High-power ultrasound produces strong microbubble cavitation in aqueous solution which generates shock waves and reactive free radicals as very powerful oxidants that can degrade a wide range of organic compounds. Due to its simplicity and no production of toxic by-products, this technique has great applying perspectives in drinking It is of great interest to highlight that a considerable amount of effort has been expended in the use of ultrasonic irradiation for OMW treatment as well as the reduction of phenolic compounds. It has been shown that the sonochemical degradation of OMW depends on several operating parameters. Figure 2 generalizes the parameters related to the technique, the parameters related to the reaction medium, and the parameters related to pollutants.
Significant numbers of studies have focused on the applicability of this method for the degradation of phenolic compounds. Some extensive and detailed articles, which focus mainly on the degradation of these constituents in aqueous medium, are summarized in Table 7 .
To the best of our knowledge, there have been a few publications that focused on the application of the sono- for the sonicated two-phase and three-phase samples, respectively. They also reported that in the presence of 5 and 10% NaCl, the removal rate of TPh was 19 and 15%, respectively for the two-phase samples with 31 and 28%, respectively, for the three-phase samples. The mechanism can be represented as shown below: The results showed that AO could remove 100% of COD, 78% of TOC and 100% of TPh after 5 h of treatment without any pH adjustment using NaCl concentration of 0.25 M at current density of 7.69 mA/cm 2 and temperature of 10 C.
The SEC was 451.25 kWh/m 3 and the running cost was determined as 6.02 €/kg COD.
It is worth highlighting that several articles authored by 
Electro-Fenton (EF)
Several studies emphasize that the electro-Fenton process (EF) is a powerful technique for the treatment of water Last but not least, note that, in conjunction with other conventional technologies, this kind of AOP becomes more efficient and more useful, especially with the biological methods, which will be discussed at the end of this review article.
Electrocoagulation (EC)
With 
Combination of AOP with other treatment processes
A considerable number of studies have also been undertaken on the combination of different AOP for a complete treatment and fractionation of OMW. As presented in Table 6 , among combined treatments applied to OMW we can find three forms: coupling with (AOP), coupling with biological treatments, as well as coupling with physicochemical processes.
Combination with AOP
In some cases, AOP are used as a pre-treatment whenever the aim is to improve the degradation of organic compounds and reduce the toxicity of OMW, sometimes being followed by another AOP making the combined overall process more was a comparative study involving three AOPs for 4-hydroxyphenylacetic acid degdradation spiked in OMW.
The three processes compared are anodic oxidation (AO), electro-Fenton (EF) and photoelectro-Fenton (PEF). The results showed that PEF gives the highest removal efficiencies due to the large photolytic action of UV radiation on photosensitive by-products. A reduction of 80% of TOC and improvement in biodegradability were observed. 
Combination with biological treatments
It has been confirmed in a large number of studies that biological processes are relatively simple techniques that can be successfully employed in the OMW treatment field.
However, the presence of high concentrations of aromatic and phenolic compounds inhibits the activity of the microorganisms, which leads to rather poor results of removal efficiencies making this kind of treatment inappropriate for OMW detoxification, thus increasing the interest in combined systems for improved performances.
A compilation of relevant published data with respect to biological process, AOP and the main results under various process conditions is presented in Table 10 .
The Fenton process is an effective conventional method for the removal of organic pollutants, which can be used as a pretreatment for OMW purification. 93.7% TPh). Using the same combined system for green TOPW, the removal of organic load in terms of COD and Their experimental results showed that up to 36% of COD and 61% of TPh were removed, through ozone pretreatment of OMWW followed by addition of Delftia EROSY capsules to OMW for 48 h incubation, which was greater than that obtained by the individual ozonation under the same operating conditions.
Combination with physico-chemical treatments
During the last decade, great concern has been raised over the combination of AOP with physico-chemical treatments, which offers another way to ameliorate the OMW detoxification. As has been confirmed in many publications, simple physical processes such as dilution, lagoons of evaporation, sedimentation, filtration and centrifugation, as well as physico-chemical processes including lime treatment, chemical coagulation-flocculation and adsorption, cannot attain high removal efficiencies. To overcome these limitations and improve process efficiency, a research program was designed with the aim of investigating the introduction of some AOP. In general, among the combined physical, biological and chemical processes used to decontaminate OMW, the choice of the most appropriate treatment is based on several factors: simplicity, safety, energy efficiency, waste sludge production and operating cost. Given the drawbacks of biological methods, such as the need to dilute many times the effluent, thus increasing their effectiveness, aerobic and anaerobic digestion remains the most convenient technique and least expensive wastewater treatment method, which makes their combination with AOP a suitable solution for the removal of toxic organic pollutants from OMW.
In conclusion, further investigation is required on techno-economical evaluation for future industrialization, as well as studies in reactor design and application.
Consequently, great efforts should be made to scale-up AOP experiments from laboratory to industrial size.
